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ABSTRACT 
Stroke causes CNS injury associated with strong fast microglial activation as part of the 
inflammatory response. In rat models of stroke, sulphonylurea receptor blockade with 
glibenclamide reduced cerebral edema and infarct volume. We postulated that glibenclamide 
administered during the early stages of stroke might foster neuroprotective microglial activity 
through ATP-sensitive potassium (KATP) channel blockade. We found in vitro that BV2 cell 
line showed upregulated expression of KATP channel subunits in response to pro-inflammatory 
signals and that glibenclamide increases the reactive morphology of microglia, phagocytic 
capacity and TNF release. Moreover, glibenclamide administered to rats 6, 12 and 24 hours 
after transient Middle Cerebral Artery occlusion improved neurological outcome and 
preserved neurons in the lesioned core three days after reperfusion. Immunohistochemistry 
with specific markers to neuron, astroglia, microglia and lymphocytes showed that resident 
amoeboid microglia are the main cell population in that necrotic zone. These reactive 
microglial cells express SUR1, SUR2B and Kir6.2 proteins that assemble in functional KATP 
channels. These findings provide evidence for the key role of KATP channels in the control of 
microglial reactivity are consistent with a microglial effect of Glibenclamide into the ischemic 
brain and suggest a neuroprotective role of microglia in the early stages of stroke. 
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INTRODUCTION 
ATP-sensitive potassium (KATP) channels are expressed by neurons of different brain regions 
(Ashford, et al., 1990, Levin, 2001, Ohno-Shosaku and Yamamoto, 1992) and other cell types 
such as pancreatic -cells (Aguilar-Bryan, et al., 1995, Ashcroft, et al., 1987), in which they 
act as energy sensors of ATP production. The expression of KATP channels has also been 
suggested in microglia (McLarnon, et al., 2001, RAMONET2004, Ramonet, et al., 2004). 
KATP channels are assembled as a hetero-octameric complex (Clement, et al., 1997, 
Mikhailov, et al., 2005, Proks and Ashcroft, 2009, Wheeler, et al., 2008) from two structurally 
distinct subunits: the regulatory sulphonylurea receptor (SUR), a member of the ATP-binding 
cassette protein family with 3 isoforms SUR1, SUR2A and SUR2B, and the pore forming 
inwardly rectifying K
+
 channel (Kir) subunit 6.1 or 6.2. Sulphonylureas such as glibenclamide 
(Gbc) close the channel by interaction with two drug-binding sites on SUR subunits 
(Mikhailov, et al., 2001) and are used to treat diabetes. 
In several rat models of stroke, blockade of SUR with low doses of Gbc reduced cerebral 
edema and infarct volume, and decreased mortality by 50% (Simard, et al., 2010). These 
cytoprotective effects of Gbc are related to the astroglial NCCa-ATP channel, whose activity is 
under SUR1 control (Chen, et al., 2003). However, as SUR assembles with Kir6.x subunits to 
constitute functional KATP channels, other possible effects of Gbc might explain the 
effectiveness of this drug in the treatment of stroke.  
Microglia generally considered the immune cells of the CNS (Graeber and Streit, 2010, Kim 
and de Vellis, 2005, Napoli and Neumann, 2009), normally monitories brain environment and 
synapse functional status (Wake, et al., 2009). After injury, microglia adopt an amoeboid 
shape, show an upregulated variety of surface molecules and release of cytokines. Excessive 
production of pro-inflammatory and neurotoxic factors from activated microglia, such as 
nitric oxide (NO), tumor necrosis factor a (TNFα), interleukin-1 and reactive oxygen 
4/46 
species, may trigger or exacerbate neuronal death (Acarin, et al., 2000). However 
considerable evidence after ischemia shows that microglia response caused by injured/dying 
neurons mediate a reduction of neuronal damage and induction of tissue repair (Kitamura, et 
al., 2004, Lalancette-Hébert, et al., 2007, Neumann, et al., 2006, Neumann, et al., 2008, 
Shaked, et al., 2005, Streit, 2002, Thored, et al., 2009). For example, experimental transient 
astroglial ablation in the hippocampus and other brain regions is associated with a protective 
microglial reaction that avoids any neuronal injury over several days (Rodriguez, et al., 2004). 
Consequently, in pathological processes microglia show a hybrid activation state that includes 
inflammatory actions and also characteristics of neuroprotection and repair (Hanisch and 
Kettenmann, 2007, Milligan and Watkins, 2009, Streit, 2005, Thored, et al., 2009). In any 
case, in response to neuronal damage fast activation of microglia requires the rapid 
availability of a large amount of energy to trigger diverse cytotoxic or neuroprotective signals. 
The expression of KATP channels in activated microglia, coupling cell energy to membrane 
potential may then be critical in determining, at least in part, their participation in the 
pathogenic process. 
If this is the case, Gbc effects in stroke should include strengthening of neuroprotective 
microglial activity. We studied the effects of Gbc on microglial inflammatory and phagocytic 
activities in cultures of the BV2 microglial cell line and then, investigated this possibility in 
the transient middle cerebral artery occlusion (tMCAo) rat stroke model, by a combined 
functional, imaging, histological and stereological approach. We then. We report that once 
activated, microglia upregulates the expression of KATP channels and blockade of the channel 
by Gbc fosters the neuroprotective activity of microglia in the early stages of injury, which 
facilitates major improvements in stroke outcome. 
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MATERIAL AND METHODS 
Animals 
Adult male Wistar rats (3 months old, body weight 250-300 g at the beginning of the study) 
were obtained from Charles River Laboratories (Sulzfeld, Germany). They were kept on a 12 
hours/12 hours day and night cycle and housed with free access to food and water. Animals 
were handled according to European legislation (86/609/EEC). All efforts were made to 
minimize the number of animals used and their suffering. Experiments were conducted 
according to the National Institutes of Health (NIH) guidelines for the care and use of 
laboratory animals. Procedures were approved by the Ethics Committee of the Universitat de 
Barcelona, in accordance with the regulations established by the Catalan government 
(Generalitat de Catalunya). 
 
Materials 
Cell line of murine BV2 microglia was purchased from Cell Bank (Interlab Cell Line 
Collection, ICLC, Geneva, Italy). Gbc, Isolectine B4 Peroxidase-conjugated (IB4), mouse 
monoclonal anti-Glial fibrillary acidic protein (GFAP) antibody and mouse monoclonal anti-
alpha-tubulin FITC conjugate were purchased from Sigma-Aldrich (St Louis, MO). Goat 
polyclonal anti-SUR1 (C-16), goat polyclonal anti-SUR2B (C-15) and mouse monoclonal 
anti-CD3 (PC3/188A) antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). 
Rabbit anti-Kir6.1 and mouse anti-Kir6.2 were from Alomone Labs (Jerusalem, Israel). 
Mouse monoclonal anti-neuronal (NeuN) antibody was obtained from Chemicon (Temecula, 
CA). Mouse anti-rat CD11b (OX-42 clone) was purchased from Serotec (Oxford, UK) and 
rabbit anti-S100 antibody from Dako (Glostrup, Denmark). [3H]Glibenclamide (43.3 
Ci/mmol) was supplied by Perkin Elmer (Waltham, MS). Primers for RT-PCR analysis were 
synthesized by Roche Diagnostics (TIB-MOLBIOL, Berlin, Germany). Other reagents and 
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secondary antibodies were supplied from different sources, as described below. 
 
Culture, morphology study and immunocytochemistry of BV2 microglia 
BV2 cells were cultured in RPMI 1640 medium with L-glutamine and supplemented with 
10% (v/v) heat-inactivated fetal bovine serum (FBS), 100U/ml penicillin and 100µg/ml 
streptomycin. Cells were grown in a humidifier cell incubator containing 5% CO2 at 37ºC. 
Before activation, cells were sub-cultured on 24-well plates at a density of 5x10
4 
cells/ml for 
24 hours and then activated with lipopolysaccharide (LPS) and interferon gamma (IFN) (0.1 
µg/ml and 0.05 ng/ml), as described elsewhere (Saura, et al., 2003).  
A Gbc working solution was prepared in DMSO and diluted 1:50 (v/v) in culture medium. 
Cell cultures were pre-treated 30 minutes before or post-treated 24 hours after activation with 
LPS+IFN with either 1, 10-3 or 10-5 nM Gbc diluted in culture medium (DMSO final 
concentration <0.01%). A control group without activation but treated with 1 nM Gbc was 
added to each treatment-group. 48 hours after activation, culture media were collected for 
further analysis.  
For immunocytochemistry assays, BV2 cells were grown on poly-D-lysine-coated sterile 
coverslips and the medium was changed on day of activation with LPS+IFN. At 48 hours, 
cells were fixed in ice-cold methanol for 30 seconds. Immunodetection used anti-SUR1 
(1/100), anti-Kir6.1 or anti-Kir6.2 (1/400) primary antibodies detected with AlexaFluor-488 
conjugated secondary antibodies (1/500). Controls for non-speciﬁc binding were performed 
excluding primary antibodies. Cell nuclei were stained with Hoescht33258 (0.5µg/ml in 
PBS). Coverslips were mounted with Pro-long Antifade and slices were stored at 4ºC. 
For cell morphology analysis, direct immunofluorescence was carried out with anti-alpha-
tubulin FITC conjugated as primary antibody (1/500), in which 5 random pictures/well were 
taken by a Leica DMI 6000B inverted microscope equipped with LAS AF Leica software 
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(Leica Microsystems Heidelberg GmbH, Mannheim, Germany). In each picture, the area and 
perimeter of every individual cell were measured by ImageJ 1.39u (National Institutes of 
Health, USA).  
To study their phagocytic capacity, cells were incubated for 2, 5, 15 and 30 minutes at 37ºC in 
the presence of 2µm diameter FluoSpheres at 0.01% solid mass, as described elsewhere 
(Saura, et al., 2003). In parallel, immunofluorescence with anti-alpha-tubulin antibody 
conjugated with FITC was employed for cell identification as described above. To analyze 
phagocytic capacity, 5 random pictures/well were taken and cells containing at least one 
fluosphere were counted in each picture. Results are given as a percentage of the total number 
of cells per well. 
 
RT-PCR and Western blotting of KATP channel components in BV2 cells 
RT-PCR was performed to assess the presence of SUR1, Kir6.1 and Kir 6.2 mRNA in BV2 
cells. Total RNA from BV2 cells was isolated using NucleoSpin RNA/protein kit in line with 
the manufacturer’s instructions (Macherey-Nagel, Germany). The concentration of total RNA 
isolated was quantified by a NanoDrop N1000 spectrophotometer (Thermo, Wilington, DE). 
Specific primers were designed against mouse mRNA sequences (Genbank Accession 
numbers in brackets) of Kir6.1 (NM_008428.4), Kir6.2 (NM_010602.2), SUR1 
(NM_011510.3), SUR2A (D86037) and SUR2B (D86038) as described elsewhere 
(Morrissey, et al., 2005). Sequence of 18S non-coding mRNA (NR_003278.1) was used as 
control (Table 1). RT reactions were carried out using random primers and 2 µg of mRNA 
with the AffinityScript Multiple Temperature cDNA Synthesis kit (Stratagene, CA). PCR was 
performed with the Taq PCR Core kit from Qiagen (Studio City, CA), using 2µl of RT 
reaction as a template. The cycling conditions for Kir6.1, Kir6.2 and SUR1 were those 
described elsewhere (Morrissey, et al., 2005). For 18S mRNA, cycling conditions had the 
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annealing temperature fixed at 57ºC in line with the manufacturer’s instructions. Appropriate 
templates were included as positive and negative controls. PCR products (10 µl) were 
separated by 1.5% agarose gel electrophoresis and viewed by staining with ethidium bromide.  
Whole-cell culture proteins were obtained in RIPA buffer (Santa Cruz Biotechnology, Santa 
Cruz, CA) and brain homogenates, as described elsewhere (Acarin, et al., 2000). The 
supernatant and the pellet were collected. Aliquots containing 15 µg protein were subjected to 
10% SDS-PAGE. Proteins were transferred to Nitrocellulose membrane (Amersham 
Pharmacia Biotech, San Francisco, CA) and probed by incubation with anti-SUR1 (1/100), 
anti-Kir6.1 and anti-Kir6.2 (1/500) as primary antibodies and with peroxidase-conjugated IgG 
as secondary antibody (1/2500; Sigma-Aldrich, St Louis, MO). Blots were viewed by the 
enhanced chemiluminescence system ECL-Plus, according to the manufacturer's instructions, 
and exposed to X-ray film (Amersham Pharmacia Biotech, San Francisco, CA).  
 
Quantification of NO and TNFα production by BV2 cells  
NO production was assessed in culture supernatants by the Griess reaction, a colorimetric 
assay that detects nitrite (NO
2–
) as a stable reaction product of NO with molecular oxygen 
(Green, et al., 1982). Briefly, 50 μL of each sample was incubated with 25 μL of Griess 
reagent A (1% sulfanilamide, 5% phosphoric acid) and 25 μL of Griess reagent B (0.1% N-1-
naphthylenediamine) for 5 min. The optical density of the samples was measured at 540 nm 
by a microplate reader (Sunrise-Basic Reader, TECAN). The nitrite concentration was 
determined from a sodium nitrite standard curve. The amount of TNFα released in the cell 
culture supernatants was determined by an ELISA murine TNFα kit (PeproTech; London, 
UK), following the manufacturer’s guidelines. 
 
tMCAo surgery and drug delivery 
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Focal ischemia was produced by tMCAo using the intraluminal filament technique (Van 
Groen, et al., 2005). Rats were anesthetized by 5% halothane (in 70% N2O / 30% O2). A 
surgical depth of anesthesia was maintained throughout the operation with 0,5 to 1% 
halothane, delivered though a nose mask. To occlude blood flow to the right MCA territory, a 
heparinized nylon monofilament (0.25 mm diameter, tip blunted) was advanced 21-23 mm 
into the internal common carotid artery until resistance was felt. The filament was held in 
place by tightening a suture around the internal common carotid artery and placing a 
microvascular clip around the artery. After 60 min of occlusion, the MCA blood flow was 
restored by removal of the filament, and the external carotid artery was permanently closed by 
electrocoagulation. For the assessment of Gbc bioavailability, permanent MCAo was 
performed following the same procedure but without the filament being removed. In all cases, 
body temperature was monitorized and maintained above 36.5ºC with a homoeothermic 
blanket system. Successful tMCAo was verified by assessing sensory motor impairment and 
by measuring infarct volumes at the end of the study. To prevent dehydration, all animals 
received a daily i.p. injection of saline (4 ml per rat). Animals showing 0-lesion (no detectable 
infarct) or hemorrhagic transformations (visual inspection) were excluded from the study. 
 
Calculation of Glibenclamide bioavailability  
To calculate whether Gbc can reach the brain of MCAo rats, 3 animals received an i.p. 
injection of 100 µCi [
3
H]Glibenclamide in a volume of 0.9 ml/rat, 16 hours after permanent 
MCAo, This model was used because the  permanent occlusion of the artery avoids blood 
entering into the ischemic brain. Two hours later, they were anesthetized with isofluorane and 
transcardially perfused with 200 ml of 0.1 M phosphate buffer saline (PBS, pH 7.4). Brains 
were quickly removed (the right and left hemispheres collected separately), frozen in liquid 
N2 and stored. Tissue samples were manually homogenized in 7 volumes of ice-cold 50 mM 
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Tris-HCl (pH 7.6) and radioactivity was counted in triplicate. 100 ml homogenate was diluted 
in 10 ml scintillation cocktail and mixed for 2 hours. Specific 
3
H emission was counted in 
each solution for 60 seconds using a LS3801 Liquid Scintillation Counter (30% efficiency). 
Two blank samples (non-radioactive tissue homogenate and distilled water) were also 
included in the study. The Bradford method was used to calculate the protein content of each 
sample (Bradford, 1976).  
 
Dose-response, functional evaluation and imaging studies 
To evaluate the effects of Gbc on tMCAo by means of functional, histological and 
immunohistochemical studies, 60 animals were divided into four groups (n= 15 /group). Each 
rat received three 0.2 ml injections of either 0.01 M PBS (pH 7.4), 0.02 µg, 0.2 µg, or 2 µg 
Gbc into the tail vein (in total, then, the three Gbc doses where 0.06 µg, 0.6 µg and 6 µg). 
Injections were given at 6, 12 and 24 h after reperfusion. Gbc was prepared in DMSO and 
diluted in 0.01 M PBS to the final concentration required for each group (DMSO final 
concentration <1%). 
Seven-point and 28-point neuroscore tests were used to assess post-ischemic motor and 
behavioral deficits (modified from (Zausinger, et al., 2000)). In brief, a blinded investigator 
conducted the neurological tests: pre-MCAO (baseline), 2, 24, 48 and 72 h after reperfusion 
(3 day follow-up groups). The 28-point neuroscore test was broken down into sub-scores for 
subsequent analysis describing paw function, general condition and turning preference. At the 
same time-points, an individual body weight follow-up was performed. Animals with more 
than 25% of body weight loss were sacrificed.  
Seventy-two hours after tMCAo, animals were deeply anesthetized with pentobarbital (60 
µg/kg Mebunat, Orion Pharma, Finland). Then, T2-weighted magnetic resonance imaging 
(MRI) was performed with a Varian Inova console interfaced to a 4.7 T horizontal magnet 
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equipped with actively shielded gradient coils. A half-volume coil, driven in quadrature 
mode, was used for signal transmission and reception. To determine the cerebral infarct 
volume, T2-weighted multislice (12-14 continuous slices) images were acquired by use of 
double spin-echo sequence with adiabatic refocusing pulses TR = 3 s, TE = 80 ms, 256x128 
matrix size, 35x35 mm
2
 FOV and a slice thickness of 1 mm. The center of the stack was 
positioned at −3.2 mm from the bregma with the help of axial pilot images and with the aid of 
a rat brain atlas (Paxinos and Watson, 1986). The estimated slice positioning error between 
repeated scans was <50% of the slice thickness. The total anatomical imaging time was 12 
minutes. T2 images were analyzed using in-house written Matlab software. Absolute T2 maps 
were calculated and average T2 value over the lesion was determined. 
 
Histological and immunohistochemical procedures  
Once MRI was completed, anaesthetized animals were perfused transcardially with 
heparinized saline (2.5 IU/ml) followed by 4 % paraformaldehyde in 0.1 M phosphate buffer 
(PB, pH 7.4). Then brains were immersed in 4 % paraformaldehyde in 0.1M PB for 24 hours, 
rinsed with 0.01 M PBS, cryoprotected in 30% sucrose in PB for 2 days and frozen in liquid 
nitrogen-cooled isopentane. These brain specimens were stored at -80°C, until sectioning. 
Based on MRI results of the ischemic damage, the ischemic core was located at level -1,2 mm 
to Bregma (Paxinos and Watson, 1986). A total of 60 serial sections/rat of 12 µm were 
collected with a cryotome. Sections were used for Nissl standard and Haematoxylin-Eosin 
(H&E) stainings to determine the lesion volume. To determine calcium deposits, sections 
were stained with the Alizarin red method (2% in 50 mM Tris, pH 7.6) and counterstained 
with fast green (0.5% in 50 mM Tris) as described elsewhere (Mahy, et al., 1999, Rodriguez, 
et al., 2004). Degenerating neurons were detected by Fluorojade B (FJB) fluorochrome 
(Schmued, et al., 1997), as follows. Sections mounted on 10% Poly-D-lysine slides were 
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sequentially immersed in 1% NaOH in 80% ethanol for 5 min, 70% ethanol for 2 min, and 
distilled H2O for 2 min. They were then transferred to 0.06% KMnO4 for 10 min and rinsed in 
distilled H2O. The staining solution was prepared from a 0.01% stock solution of FJB (1M), 
resulting in a final dye concentration of 0.0004%. After 20 min in the staining solution, the 
slides were rinsed in distilled H2O, dried, and mounted with Prolong. 
Immunohistochemistry was studied with the avidin-biotin peroxidase method as previously 
described (Rodriguez, et al., 2009, Rodriguez, et al., 2005). For neuronal and astroglial 
detection, sections were processed with anti-NeuN (1/150) and anti-GFAP (1/400) 
respectively, in 3% normal goat serum (NGS). Anti-S100β (1/800) was also used to detect 
astrocytes. Microglial cells were identified by use of IB4 diluted (1/25) in 3% NGS. Then, all 
sections were incubated with ExtrAvidin-Peroxidase (1/250) before reaction with 3,3’-
diaminobenzidine (0.025%) and hydrogen peroxide (0.006%) prepared in a 50mM Tris-HCl 
(pH 7.6) for 10-15 min. Finally, sections were dehydrated, cleared and mounted with DPX.  
Morphological and histological parameters were measured with the optical microscope 
software AxioVision 4 AC, (Zeiss) and analyzed by the Image Pro Plus v.5.1 image analysis 
system (Media Cybernetics Inc., Bethesda, MD, USA). Whole left hemispheres were studied 
on serial Nissl and H&E stained coronal sections, that allow to differentiate between 
structures and identify the damage to be accurately quantified. Initially cortical and 
subcortical regions were well delimited and analyzed separately (supplementary figure 1). As 
such, three different affected areas were considered in each region: first, a non-infarcted zone 
whose tissue architecture had avoided injury and was intact; second, a necrotic zone defined 
as the infarct nucleus showing few scattered cells stained by NeuN immunohistochemistry; 
and finally, the peri-infarcted zone was defined as the remaining zone between the non-
infarcted and necrotic ones. In some cases, the peri-infarcted and necrotic zones were 
analyzed together and defined as the entire lesioned zone. 
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The areas of astrogliosis and microgliosis were measured on GFAP-immunostained and IB4-
stained sections, respectively, with the same image analysis system. In all cases, the 
contralateral hemisphere area was measured in the same sections, to calculate the effects of 
histological procedures on tissue size, and correct for variability in individual brain size and 
tissue shrinkage. 
Stereological methods were used to quantify the number of cells at the core of the lesion. The 
Optical Fractionator method was used. Non-infarcted, peri-infarcted and necrotic areas were 
outlined at cortical and subcortical levels at 2.5x magnification on arbitrary uniform random 
(AUR) coronal sections, located between -0.8 mm and -1.8 mm to Bregma (Paxinos and 
Watson, 1986). Individual cells were then viewed and counted at 40x within AUR sampled 
sites chosen by the Mercator Pro 7.0 software (ExploraNova, La Rochelle, France). Neurons 
and astrocytes were counted on NeuN and GFAP immunostained sections respectively, 
whereas microglia cells were counted on IB4 stained sections. For each cell type 4 serial 
sections were analyzed per rat. 
Double immunofluorescence labeling was carried out using specifics markers for neurons 
(anti-NeuN; 1/150), astrocytes (anti-GFAP; 1/750), microglia (anti-CD11b; 1/100 or IB4; 
1/25) and T-cells (anti-CD3; 1/100). Antibodies against the IgG of appropriated species and 
conjugated with the fluorescent dyes AlexaFluor-555 (1/300), AlexaFluor-488 (1/300) or 
FITC (1/250) (Invitrogen; Carlsbad, CA) were used as secondary antibodies. Confocal images 
were acquired by a Leica TCS SL laser scanning confocal spectral microscope (Leica 
Microsystems Heidelberg GmbH, Mannheim, Germany) and image analysis was done with 
ImageJ 1.39u (Nathional Institutes of Health, USA). The number of cells showing double 
immunostaining was estimated by counting of cells on 3 random confocal photomicrographs 
(n = 60 cells/image). Results are given as a percentage of the total number of cells.  
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Statistical Analysis 
Q-Q plots were calculated to test the normal distribution of data and variance homogeneity 
was checked by Levene's test. Most analyses were performed by one-way analysis of variance 
(ANOVA) followed by the post-hoc least significant difference test to compare differences 
between groups. When normality was not reached, the non-parametric Kruskal-Wallis (KW) 
test and then the Mann-Whitney U test were used to compare values for all groups. For the 
study of the blood-brain-barrier breakdown, standard deviation and mean values between 
control and ischemia brain tissue were compared with the F-test and Student-t tests 
respectively.  
For the analysis of Neuroscore and MRI, differences among means were analyzed by one-way 
ANOVA followed by Dunnet’s post hoc test (comparison with the vehicle treated group) or 
by the non-parametric KW test (between groups). Additional within group analyses were 
performed after original data analysis by using linear mixed models to fit data in which the rat 
was considered as a random effect. An autoregressive error was added into the model to 
control the time course of each parameter. The significance of the treatment, time and 
treatment by time effects were tested using the F-Wald test (Brown and Prescott, 1999). The 
post-hoc paired differences of means were evaluated by correcting the type-I error rate 
(Edwards and Berry, 1987) to guarantee an overall type-I error rate of 5%.  
To evaluate morphological and histological results, a double-blind method was used. Original 
data of area sizes were corrected by control of non-injured area sizes to minimize the effects 
of tissue sectioning deflection. Differences among means were analyzed by multifactor-
ANOVA followed by the LSD post-hoc test. To correct for brain size variability, the whole 
hemisphere area size was used as covariate. To avoid misinterpretation of results, variance 
components were also analyzed in all cases. Only data from animals surviving until the end of 
the study were included in the statistical analysis. In vitro differences between means were 
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analyzed by using one-way ANOVA followed by the LSD post hoc test.  
All values are given as mean ± standard deviation (SD) or standard error of mean (SEM). 
Values of p<0.05 where considered significant. Analyses were performed with the 
Statgraphics 5.0 (STSC Inc., Rockville, MD) and StatsDirect (StatsDirect Ltd Altrincham, 
UK) statistical packages. 
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RESULTS 
BV2 cell activation with LPS+IFN enhances KATP channel expression  
To investigate the direct Gbc effects on microglia, we activated and treated with Gbc murine 
BV2 microglia. We first assessed by RT-PCR the expression of SUR1, SUR2A, SUR2B, 
Kir6.1 and Kir6.2, before and after activation with LPS+IFN. Here we used total RNA from 
murine pancreas and lung, which constitutively express KATP channels, as positive controls, 
and total RNA from HEK293 cells as negative control. After reverse transcription with oligo-
dT primers and amplification, electrophoresis showed amplicons of the predicted size for 
SUR1, Kir6.1 and Kir6.2. (Figure 1A, E, I). Amplicons for Kir6.1 and Kir6.2 were at higher 
quantities in BV2 cells activated with LPS+IFN than in non-activated cells. We could not 
reproduce SUR2A and SUR2B results because of the low amount of DNA from their 
amplicons, which was at the limit of detection of the technique (data not shown)  
We then quantified the relative protein concentration of the channel components by Western-
blot. We found specific bands for SUR1, Kir6.1 and Kir6.2 proteins at predicted sizes. When 
quantified, all three proteins had higher concentrations 48h hours after LPS+IFN activation, 
with a 5.21-fold increase for SUR1, 3.26-fold for Kir6.1, and 1.38-fold for Kir6.2 (Figure 1B, 
F, J). Immunocytochemistry confirmed these results. In control BV2 cells, all three proteins 
had a weak basal staining (Figure 1C, G, K). After activation both the number of cell 
processes and specific labeling of SUR1, Kir6.1 and Kir6.2 increased (Figure 1D, H, L). 
 
Glibenclamide modifies activated BV2 microglia activity 
We then investigated whether Gbc directly modulates NO and pro-inflammatory cytokine 
production in activated BV2 microglia. We added Gbc to the media at 3 different 
concentrations (1 nM, 10
-3
 nM or 10
-5
 nM) 30 min prior to activation (pre-treatment) or 24 
hours after activation (post-treatment). At 48 hours LPS+IFN increased the NO production 
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of BV2 cells 6-fold and Gbc did not modified this increase. Under these same conditions, 
LPS+IFN increased TNFα release in the medium (t=-5.6; p<0.01), which resulted 45% 
higher after pre-treatment with 10
-5
 nM Gbc (F19,3=3.49; p=0.04). By contrast, Gbc 1 nM 
decreased TNFα release by quiescent BV2 cells (t=-3.53; p=0.02) (Figure 2A, B). 
Activation of BV2 microglia involves a morphological change characterized spherical 
quiescent cells losing their spherical shape and the development of cell processes that are 
directly related to the phagocytic capacity of the cells. BV2 cell shape analysis performed 48 
hours after incubation with LPS+IFN showed a higher perimeter/area ratio, which confirmed 
the activation state of the cells (KS=2.7; p<0.01). 10
-5
 nM and 10
-3
 nM Gbc pre-treatment 
induced an increase in the perimeter/area ratio values of activated cells (KW=31.8; p<0.01) 
(Figure 2C, G). Gbc post-treatment required higher concentrations to produce similar results 
(10
-3
 nM and 1 nM; KW=50.6; p<0.01) (Figure 2D). 
Finally, we quantified the phagocytic capacity of activated BV2 microglia. 48 hours after 
activation the percentage of phagocytic cells increased 2, 5, 15 and 30 min after incubation in 
presence of fluosphere (KW=7; p<0.01). Five minutes after fluosphere incubation, Gbc pre-
treatment increased the percentage of phagocytic cells (F11,3=6.20; p=0.01) (Figure 2E, G). 
At this time point, 10
-5
 nM and 1 nM Gbc both increased the percentage of phagocytic cells, 
but 1 nM Gbc produced the maximal effect which remained stable during the 30 minutes of 
the study. In contrast, Gbc post-treatment did not modify the phagocytic capacity at any dose 
(Figure 2F). 
 
Glibenclamide improves the neurological outcome of tMCAo rats.  
We injected [
3
H]Gbc (100 µCi) i.p. to animals 16 hours after permanent MCAo to investigate 
whether Gbc enters the ischemic rat brain after peripheral administration. Two hours later, the 
specific [
3
H]Gbc binding to the ischemic hemisphere was significantly greater than in the 
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control hemisphere (t=7.7, p=0.0014), whereas the value of the uninjured hemisphere was 
similar to non-radioactive tissue (t=3.445; p=0.0749) (Figure 3A). Only 0.025% of injected 
[
3
H]Gbc entered the control brain, but permanent MCAo-induced blood-brain barrier 
breakdown increased this value to 0.077%, which resulted in binding values similar to those 
of heart and kidney (data not shown). Thus, peripherally administered Gbc reaches the 
ischemic brain, where it could have a specific pharmacological effect. 
To assess whether Gbc improves the motor and behavioral recovery after stroke, 4 groups of 
60 min tMCAo animals received 0 µg (vehicle group), 0.06µg, 0.6µg and 6µg Gbc. Then, we 
conducted double-blind 7-point and 28-point neuroscore tests in all animals at the following 
times: pre-tMCAo (baseline), 2 h, 24 h, 48 h and 72 h after reperfusion. We found an overall 
reduction of 7-point neuroscore test values 2h after the occlusion. When compared with the 
vehicle group, none of the Gbc-treated groups improved the 7-point neuroscore values at any 
time point. However, when we analyzed data of each group as a time-course, we detected a 
25% score improvement at 72 h in the 0.6µg Gbc-treated animals, compared with the 24 h 
time point (t=3.65, p=0.0076) (Figure 3B). 
We also found an overall reduction of the 28-point test values 2h after the occlusion and, 
compared with vehicle, Gbc treatments did not improved those values at any time-point. 
Vehicle, 0.06µg, 0.6µg and 6µg Gbc-treated animals improved their score at 72 h over their 
24 h values (t=3.92, p=0.0097; t=3.89, p=0.0113; t=4.99, p=0.0002, and t=3.83, p=0.0142 
respectively). In animals treated with 0.6µg Gbc, this recovery was higher and already 
significant 48 h after tMCAo (t=3.64, p=0.0244, data not shown).  
72 h after tMCAo, we identified brain damage and quantified cortical, subcortical and total 
infarct volumes by T2-MRI, to determine whether this Gbc-induced motor recovery is 
connected with a reduction of brain lesion (Figure 3C, D). None of the doses of Gbc 
modified these volumes when compared with the vehicle group. Under our experimental 
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conditions, MRI did not allowed to discrimination between the peri-infarcted and necrotic 
zones within the lesion volume, and we could not perform accurate quantification of these 
volumes due to the limitations of the technique. We then investigated the putative 
neuroprotective effect of Gbc in the tMCAo lesion through a histological approach. 
 
Glibenclamide decreases tMCAo-induced neuronal loss and brain calcification 
According to MRI results, the whole ischemic lesion studied on H&E stained sections only 
showed a slight reduction, which did not reach significance with any dose of Gbc when 
compared with the vehicle group (Supplementary figure 1). However, at the ischemic focus 
(from -0.8 to -1.8 mm to bregma; Figure 4F) this slight reduction reflected significant 
changes of the peri-infarcted and the necrotic volumes as described below. 
Detailed analysis of the total necrotic volume examined by Neu-N immunohistochemistry, 
defined as the volume lacking Neu-N-positive cells, showed differences between treated 
groups (Figure 4A-D). Dose of Gbc of 0.6 µg reduced the total necrotic volume compared 
with 0.06 µg Gbc and vehicle, whereas 6 µg Gbc only had differences compared with vehicle 
(F38,3= 5,54; p=0.0035) (Figure 4G). At the cortical level, Gbc 0.6 µg and 6 µg decreased the 
necrotic volume compared with vehicle (F38,3=2.91; p=0.0480), whereas at the subcortical 
level only 0.6 µg Gbc reduced this volume (F38,3=4,7; p=0.0079). This lack of modification of 
the whole ischemic lesion and this small decrease in necrotic volume  imply an increase in the 
peri-infarcted volume, which resulted significant in the 0.6 µg and 6 µg Gbc groups 
(F38,3=8.19; p=0.0003) (Figure 4H). 
To express the Gbc effects in terms of neuronal loss, we performed stereological counting on 
these sections. Although cell density not changed, we found a slight tendency to reduction of 
neuron numbers in the necrotic zone of all Gbc-treated groups (F43,3=4,72; p=0.073) (Figure 
4J). Moreover, we observed a significant neuronal preservation in the subcortical peri-infarct 
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zone in the 0.6 µg and 6 µg Gbc animals (F43,3=8,01; p=0.0038) (Figure 4K). The same was 
true when the necrotic and peri-infarcted zones were taken together as a total lesion volume. 
In this case, 0.6 µg Gbc preserved more neuronal cells in the subcortical region than in the 
vehicle group and 0.06 µg dose, while 6 µg Gbc also showed greater neuronal preservation 
than the 0.06 µg dose (F39,3=5.3; p=0.0041; F35,3=5.13; p=0.0048) (Figure 4I). 
We then used FJB staining to evaluate neuronal suffering and the intensity of the 
neurodegenerative process. In the ischemic focus (-0.8 mm to bregma) of all tMCAo animals, 
we observed an intense FJB labeling of the cell body in several neurons of cortical and 
subcortical zones, particularly in the peri-infarcted zone (Figure 4E), with no clear effect of 
Gbc on this FJB staining pattern.  
Formation of insoluble calcium phosphate complexes is strongly linked to stroke-induced 
calcium dyshomeostasis and neuronal loss. Thus, we studied by Alizarin red staining whether 
Gbc modifies the tMCAo-induced calcification at ischemic core level (Figure 5A). Gbc 
treatment induced a reduction of the calcium deposit diameter in the 0.6 µg Gbc group vs 
vehicle and 0.06 µg Gbc group (KW=18.18; p=0.0004; Figure 5B). Gbc also decreased the 
calcium deposit number in a dose-dependent response that was significant in the cortical zone, 
reaching statistical significance at Gbc doses of 0.6 µg and 6 µg (KW=10.43; p=0.015; 
Figure 5A, C). Thus, although Gbc did not modify neurodegeneration, it fosters a neuronal 
preservation in the ischemic core and decreases calcification. This suggests that, once the 
injury processes are controlled, more neurons will be preserved in the peri-infarcted zone of 
Gbc-treated animals. 
 
Glibenclamide does not modify tMCAo-induced astrogliosis 
We then studied the astroglial reaction associated with tMCAo in the ischemic focus by 
GFAP and S100 immunohistochemistry. GFAP immunohistochemistry revealed astrocytes 
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with hypertrophy and hyperplasia, as well as high GFAP immunostaining covering almost the 
whole lesioned hemisphere. However, we found zones lacking astrocyte labeling coincident 
with the cortical and subcortical necrotic zones defined by NeuN immunohistochemistry 
(Figure 6A, B), and their quantification showed no difference between groups (data not 
shown). In addition, Gbc did not modify tMCAo-induced astrogliosis or astrocyte density 
(Figure 6C). 
S100 immunohistochemistry showed widespread S100 distribution around the necrotic 
zone, with the most intense immunoreactivity located in astrocytes of the corpus callosum and 
other areas of the white matter, in which Gbc increased S100 immunostaining and astrocyte 
hyperplasia (Figure 6D, E).  
 
Reactive microglia express KATP channels in tMCAo rat brain 
We performed double immunolabeling and confocal microscopy at the ischemic core level (-
0.8 mm to bregma) and used the CD3 antibody to detect T lymphocyte infiltration together 
with IB4, which stains microglia/macrophages (Figure 7B). Within the necrotic core of some 
animals we detected small areas with few CD3-immunopositive cells, which never co-located 
with any IB4 staining. Thus, although CD3-immunopositive and IB4-positive cells showed 
tight contacts suggesting a neuroimmune crosstalk as a response to the lesion, lymphocyte 
infiltration 3 days after tMCAo was small and did not interfere with IB4 labeling.  
Low magnification photomicrographs from IB4 stained tMCAo samples showed continuity in 
microgliosis reaction, and we do not observed boundary between the necrotic core and peri-
infacrt region (Figure 7C, D). Nonetheless, morphology of IB4-labelled cells changed with 
their location and proximity to the infarct core of the lesion. The small cell body and several 
ramifications of resting microglia in healthy tissue (Figure 7E) changed progressively into a 
larger cell body and a more ramified reactive morphology with numerous processes in the 
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peri-infarcted zone (Figure 7F). In the area between the peri-infarcted and necrotic zones, 
positive cells had a mixed reactive-amoeboid morphology (Figure 7G). We observed fully 
amoeboid cells within the necrotic core (Figure 7H), in which we found massive loss of 
neurons and absence of GFAP-immunopositive cells. Gbc treatment did not modify the size 
of the zone occupied by tMCAo-induced reactive cells. Nonetheless, when we analyzed cell 
density we found a significant overall group effect in the cortical (t=19.2, p=0.0008) and 
subcortical (t=16.1, p=0.009) zones of tMCAo groups (Figure 7A), but Gbc presented no 
effects.  
To locate the cell expression of KATP channel components, we performed double 
immunohistochemical labeling with anti-SUR1, anti-SUR2B, or anti-Kir6.2 antibodies 
combined with anti-CD11b antibody as microglia/macrophage marker, with anti-NeuN as 
neuronal marker and with anti-GFAP as astroglial marker. Co-location with anti-CD11b 
antibody indicated that reactive microglia within the necrotic zone expressed Kir6.2 
(32.7±2.5%), SUR1 (40±2.7%) and/or SUR2B (39±7.5%)(Figure 8). Anti-SUR1 and anti-
SUR2B antibodies also labeled some hippocampal and hypothalamic neurons and some 
astrocytes in the peri-infarcted zone, whereas Kir6.2 labeling did not clearly co-locate with 
GFAP immunolabeling in the ischemic brain (raw data not shown).  
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DISCUSSION 
In this study we identified the KATP channel as a key player in controlling microglia-mediated 
neuroprotection in focal cerebral ischemia. In our in vitro experiments we demonstrated that 
KATP channel subunit expression upregulated after LPS+IFN activation, and that its blockade 
increased reactive morphology, TNFα release and the phagocytic capacity of activated 
microglia. Furthermore, in the tMCAo rat model, we found that the improved neurological 
outcome and neuronal preservation in the necrotic core due to Gbc treatment did not 
correlated with the volume of lesion and astroglial reaction, and that resident amoeboid 
microglia are the main cell population in the necrotic zone. Also, reactive microglial cells 
express SUR1, SUR2B and Kir6.2 proteins that can assemble in functional KATP channels. 
Thus, KATP channels should directly participate in the control of microglial reactivity, with 
Gbc treatment resulting in a strengthening of the neuroprotective role of 
microglia/macrophages in the early stages of stroke. It is interesting to note that the Gbc doses 
used here are substantially lower than the ones used in previous studies presenting 
neuroprotective effects (Simard, et al., 2009). 
In our model of tMCAo, low doses of Gbc administered at 6, 12 and 24 hours after 
reperfusion reached the ischemic brain and significantly reduced the lesion’s severity, as it 
improved motor neurological outcome and triggered neuronal preservation in the peri-
infarcted region. Nonetheless, the volume of lesion measured by MRI did not reflect this Gbc-
mediated neuroprotection. Most rodent models of stroke focus on the outcome measurement 
of lesion size in terms of infarct volume and brain edema. Within the first 3 days of lesion, the 
methodological approach and accuracy in these measurements are essential, since brain 
edema development may lead to overestimation of infarct volume (Lin, et al., 1993). This 
accuracy reaches crucial importance in the assessment of drugs activity, since their 
neuroprotective effects may not be reflected by these two parameters (Walberer, et al., 2010). 
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Under our conditions, we used MRI to assess changes in the lesion’s volume size, but this 
approach cannot give a precise indication of the severity of the injury (Simard, et al., 2010) 
and is not accurate enough to measure the necrotic core of the lesion. When we included 
histological methods, measurement of the necrotic and peri-infarct zones (Lin, et al., 1993) 
and neuronal counts defined the morphological and cellular bases of the motor function 
improvement induced by KATP channel blockade.  
The fate of the ischemic penumbra during the early steadies of the injury is considered the 
crucial element for stroke recovery (Furlan, et al., 1996) since in the necrotic zone astrocytes 
and neurons are determined to die. The small size of the cerebral area occupied by CD3-
immunopositive cells here observed for lymphocytes suggests little infiltration of blood cells 
3 days after tMCAo. Moreover, infiltrated macrophages and granulocytes are proposed to not 
play major roles in the progression of ischemic neuronal damage for up to 16 hours, whereas 
reactive microglia are already detected in the zone from 6h post-tMCAo (Mabuchi, et al., 
2000). Furthermore, a transition of monocyte-derived cells into microglia is a very rare event 
that only occurs under highly defined host conditions (Mildner, et al., 2007). Thus, microglial 
activity in the necrotic core would be crucial in determining the fate of the ischemic tissue. If 
true, the Gbc-induced neuronal preservation and functional recovery here found would reflect 
an enhancement of the neuroprotective microglial activity in the necrotic core. 
Transcriptional upregulation of SUR1 in the ischemic brain is related to NCCa-ATP channels of 
neurons, astrocytes and capillary endothelial cells of the peri-infarct region (Simard, et al., 
2006). As activation of NCCa-ATP channels in astrocytes causes cell blebbing characteristic of 
cytotoxic edema, the Gbc-mediated reduction of infarct volume in permanent MCAo animals 
has been linked with blockade of these channels, whereas the involvement of KATP channels 
in the process has been ruled out (Simard, et al., 2009). However, those studies did not assess 
the ischemia-induced expression changes of the trpm4 gene, the pore-forming subunit of 
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NCCa-ATP channels (Simard, et al., 2010) and, despite the massive neuronal loss, immunoblots 
revealed no concentration changes of Kir6.1 and Kir6.2 proteins in the ischemic core (Simard, 
et al., 2006). Our findings complete these results and argue for a contribution of KATP 
channels to the neuroprotective effects of Gbc by reducing the lesion’s severity. Thus, we 
found that activation of microglia enhances SUR1, Kir6.1 and Kir6.2 protein expression, and 
that amoeboid microglia express KATP channels in the necrotic core of the lesion. This 
upregulation contributed to the enhancement of SUR1 found by Simard and cols. (2006), and 
helped compensate for a putative decrease in Kir6.1 and Kir6.2 subunits due to the massive 
neuronal loss in the necrotic zone. It also explains the increased Kir6.1 and Kir6.2 expression 
in absence of the further neuronal damage in brain hypoxia described by other authors 
(Yamada, et al., 2001).  
Activation of KATP channels results in cell membrane hyperpolarization that may modulate 
microglial response to activation signals. Thus, the effects of an external stimulus on 
microglia are likely to be modulated at each moment by the number and degree of activated 
KATP channels, which in turn may depend, as in pancreatic -cells, on the ATP/ADP cell ratio 
and ultimately on its energy level (Nichols, 2006). Our findings reveal a direct influence of 
KATP channels on the phagocytic capacity and TNFα release of in vitro microglia, and also 
argue for Gbc enhancement of microglia reactivity in the early stages of stroke. Voltage- and 
calcium-dependent potassium channels participate in microglia functions, such as scavenging 
and neuroprotective actions (Eder, 1998). As such, blockade of K
+
 channels inhibits the 
respiratory burst and the morphological changes associated with in vitro microglia activation 
(Khanna, et al., 2001). Here we provide evidence that Gbc increases the reactive morphology 
and phagocytic capacity of BV2 microglia activated with LPS+IFN. Microglia phagocytic 
abilities are essential for the clearance of cell debris and toxic compounds of the lesioned 
tissue, which underlies neuroprotection (Polazzi and Monti, 2010). In addition, dying 
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polymorphonuclear neutrophils (PMNs) infiltrated in the site of lesion, mediate neurotoxicity 
by the release of toxic intracellular compounds (Denes, et al., 2007, Weston, et al., 2007) and 
that, consequently, prompt phagocytosis of apoptotic PMNs by microglia might prevent the 
secretion of toxic compounds. Thus, clearance of PMNs from the nervous tissue might be an 
effective strategy to protect neurons from PMN neurotoxicity (Neumann, et al., 2008). Also 
the KATP channel blockade slightly enhances neuronal loss in the necrotic core and these 
microglial cells are more efficient in clearing generated apoptotic cell debris, and reduces the 
secretion of pro-inflammatory cytokines (Magnus, et al., 2001), and chemoattractants and T 
lymphocyte recruitment (Chan et al 2006). Overall, this data suggest that cell debris clearing 
will provide an optimal environment for neuroprotection in the surrounding tissue. 
Furthermore, in hypoxia-ischemia, acute brain damage or excitotoxicity, microglia reaction 
includes a phagocytic response to the formation of calcium deposits (Herrmann, et al., 1998). 
Extension of calcification after hypoxia-ischemia in a brain area depends on the intensity of 
the acute phase and on the characteristics of each area of pathology (Lievens, et al., 2000, 
Nonoda, et al., 2009, Rodriguez, et al., 2001). Here we found a Gbc-induced decrease in 
ischemic brain calcification with a reduced size and number of deposits, which represents a 
reduction in tMCAo-induced neuronal suffering and may be related to boosted microglial 
phagocytic activity. 
Reactive microglial cells also release a broad panel of potentially neuroprotective factors. One 
of these factors is TNFα whose production reflects the complex roles of microglial activity 
with conflicting effects. We herein found that Gbc increases TNFα but does not increases NO 
release of BV2 microglia activated with LPS+IFN. This result argues for a specific Gbc 
influence on TNFα release. TNFα secretion is crucial for autocrine fast microglial activation 
with cytotoxic effects. For example, microglia activation by aggregated β-amyloid or 
lipopolysaccharide increases TNFα secretion and renders them cytotoxic (Butovsky, et al., 
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2005). However, in TNFα knock-out mice NO-mediated microglial activation appears 
delayed, results in further exacerbated non-specific microgliosis (Blais and Rivest, 2004) and 
leads to the amplification of secondary excitotoxicity (Glezer, et al., 2007). Actions of TNFα 
leading to neuronal death or survival are dose dependent (Bernardino, et al., 2008), since it 
activates two specific receptors: TNFR1, with an intracellular death domain, and TNFR2 with 
higher affinity and mainly involved in neuroprotection (Fontaine, et al., 2002). These two 
receptors are key elements in modulating neuronal sensitivity to ischemia, with microglial-
derived TNFα being crucial to determining the survival of endangered neurons in the acute 
phase of focal cerebral ischemia (Lambertsen, et al., 2009). Microglial TNFR2 is proposed to 
mediate the counter-regulatory response activated in neuropathological conditions (Veroni, et 
al., 2010). In addition, TNFα is proposed as the molecular mediator of the microglial-
mediated synapse removal, likely to be important in remodeling of neuronal circuits in the 
ischemic brain to ensure function (Wake, et al., 2009) and involved in remyelination 
processes (Arnett, et al., 2003). Consequently, TNFα actions leading to neuronal death or 
survival on neuronal damage are largely dependent on the context, timing, and dosage of 
TNFα activity (Lenzlinger, et al., 2001, Rolls 2008). Thus, often, a clear distinction between 
cytokines that are either harmful or beneficial cannot be established, since the primarily 
cytotoxic pro-inflammatory cytokines IL-1 and TNFα released from activated microglia may 
evoke a neuroprotective or pro-myelin regenerative response. For example, TNFα protects 
neurons against amyloid-beta-peptide-mediated toxicity (Barger, et al., 1995) under 
pathological conditions, and has a role in homoeostatic synaptic scaling under physiological 
conditions (Stellwagen and Malenka, 2006). In this regard, acute injury such as trauma or 
stroke activated microglia and their pro-inflammatory mediators may primarily have a 
neuroprotective role (Neumann, et al., 2006) and therefore, anti-inflammatory treatment 
within the protective time window of microglia would be counterproductive. 
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Continuous crosstalk mediated by several signaling molecules, takes place between neurons, 
microglia and astrocytes, differently regulating their relationships in both health and disease 
(Polazzi and Monti, 2010). In this regard, we here found a Gbc-induced increase of S100 in 
reactive astrocytes of the white mater, probably due to the NCCa-ATP channel blockade 
(Simard, et al., 2009), which may influence microglial-mediated neuroprotection. Released 
S100 modifies astrocytic, neuronal and microglial activities, whose effects depend on its 
extracellular concentration and the expression of the specific receptor RAGE. At micromolar 
concentrations, S100 upregulates TNFα expression in activated microglia (Bianchi, et al., 
2010). In addition, factors that modulate microglial reactivity, such as intracellular calcium 
concentration or TNFα, modify the RAGE response to S100 (Edwards and Robinson, 2006) 
in a crosstalk that integrates these signaling systems. Thus, microglia reaction directly 
interacts with the concomitant astroglial reaction and the factors that determine this 
interaction, such as TNFα and S100 participate in the regulation of the activated phenotype 
of microglia after injury.  
Finally, the peak of microglial activation occurs at seven days after stroke and remains 
activated for many weeks after tMCAo (Thored, et al., 2009), with a dual role in the early and 
late stages of stroke (Neumann, et al., 2006). Activated microglia can initially promote 
phagocytosis and brain regeneration, to then lose this protective phenotype when the injury 
progresses, with a persistent pro-inflammatory cytokine production (Butovsky, et al., 2005, 
Rolls, et al., 2008). Thus, microglia activity enhancement induced by low doses of Gbc may 
anticipate the peak of activation and is probably transient, since Gbc boosts the microglial 
activity previous to the peak of activation and is metabolized within a few hours. If this were 
true, Gbc would foster the early microglial neuroprotective activity, but not the late cytotoxic 
one. To test this hypothesis, further experiments are necessary assessing the neuronal 
preservation and functional improvement of tMCAo rats at longer survival times. 
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In conclusion, the present findings demonstrate that Gbc improves functional neurological 
outcome in stroke, accompanied by neuron preservation in the core of the ischemic brain, and 
that the proposed stroke therapy aimed at SUR1 also involves microglial KATP channels. 
Moreover, the effects of Gbc on microglial activity identify KATP channels as a key target for 
modulating the neuroprotective role of microglia in the acute phase after focal cerebral 
ischemia. Therefore, our data clarify the mechanism of action of Gbc in stroke, and point out 
to microglia as a powerful regulator of neuronal survival. This also provides new therapeutic 
avenues for the treatment of other neurological disorders that involve microglia. 
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FIGURE LEGENDS 
Figure 1. BV2 microglial expression of K-ATP channel components. Murine BV2 cell culture 
was analyzed 48h after activation with LPS+IFN (see material and methods for details) (A, 
E, I) RT-PCR analyses of K-ATP channel subunits were performed with gene-specific primers 
(Table 1). PCR products for (A) SUR1, (E) Kir6.1 and (I) Kir6.2 and 18S as control of 
mRNA quantity in each reaction (arrows, 488bp) were separated by 1.5% agarose gel 
electrophoresis and stained with ethidium bromide. (Line 1) Each gel was loaded with 
standard size markers and (Line 2) cDNA amplified from: pancreas (SUR1 and Kir6.2) and 
lung (Kir6.1) as control; Line 3, non-activated BV2 cells; Line 4, BV2 cells activated with 
LPS+IFN; and Line 5, total RNA from HEK293 cells was used as negative controls. 
Amplified fragments had the sizes of 217bp for SUR1, 297pb for Kir6.1 and 312bp for Kir6.2 
as predicted by the mRNA sequences amplicons. (B, F, J) Immunoblots of SUR1 (B), Kir6.1 
(F) and Kir6.2 (J) expressed by control (Line a) and activated (Line b) BV2 cells. 
Homogenates were normalized for protein content quantified by Bradford’s method and 15 
g of protein was applied in each gel lane. Bands appeared at the level of 190kDa for SUR1, 
50kDa for Kir6.1 and 40kDa for Kir6.2. Actin-I was thereafter blotted as control of protein 
quantity in each gel (arrowhead, 43kDa). Immunocytochemistry with specific antibodies 
against (C, D) SUR1, (G, H) Kir6.1 and (K, L) Kir6.2 was performed in control and BV2 
cells activated with LPS+IFN. Specific binding was detected with AlexaFluor 488-
conjugated secondary antibodies (green). Cell nuclei were counterstained with Hoescht33258 
(blue). Note that activated BV2 cells are bigger and showed numerous processes. (n= 3 
different cultures). Scale Bar 20 m. 
 
Figure 2. BV2 cells are more reactive and phagocytic when are treated with Glibenclamide. 
(A-F) TNFα release, cell reactivity as morphology and phagocytic capacity of BV2 cells were 
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assessed 48h after activation with LPS+IFN and pre-treated (left column) or post-treated 
(right column) with Gbc 10
-5
nM, 10
-3
nM or 1nM (n=7). Bar graph show: (A-B) TNFα 
release quantified by ELISA and (C-D) reactive phenotype quantified as a perimeter/area 
ratio. (E-F) Graph shows the quantification of time course of the BV2-cell phagocytic 
capacity measured by fluosphere assay (%). (G) Illustrative photomicrographs of BV2 cells 
during fluosphere assay after 5 min in presence of the beads (red). Cells were labeled with 
anti-tubulin (green) and DAPI (blue). Note that cells pre-treated with Gbc 10
-5
 nM increased 
their phagocytic capacity and present more and longer processes, therefore increasing the 
ratio perimeter/area. All values are presented as mean ±SEM (n= 6 different cultures). 
Statistics: In (A-D) *P<0.05, **P<0.01 vs LPS+INFg; 
&
P<0.05 vs other Gbc doses; 
$
P<0.05 
vs Control. In (E-F) *P<0.05 vs LPS+INFg; 
#
P<0.05 different from all the other groups. 
Scale bar 25 m. 
 
Figure 3. Glibenclamide reaches the ischemic brain and improves the neurological outcome 
of tMCAo animals. (A) Specific [
3
H]Gbc binding in control and ischemic brain. (B) Timing 
of the 7-point Neuroscore values presented by tMCAo animals in a dose response study of 
three Gbc doses (0.06g, 0.6g and 6g) and vehicle; arrows indicate the time of Gbc i.v. 
administration, see material and methods for details. (C) Representative T2-MRI image 72 h 
after tMCAo in vehicle and 0.06µg Gbc-treated animals. (D) Bar graph of total lesion 
volumes calculated from MRI data of all animals included in the dose response study. Results 
are represented separately as Mean (±SEM) for all the groups (n= 15 rats/group). Statistics: 
**P<0.01 different from control in (A) and compared with the 24 h time point in (B) (LSD 
post-hoc test).  
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Figure 4. Glibenclamide causes neuroprotection in ischemic brains. Representative NeuN 
immunostaining: (A) control brain and (B) tMCAo brain, both on the ischemic core level 
(Bregma from -0,8 to -1.8). (B1, B2) Analysis at higher magnification of infarcted brain 
evidenced 3 different regions: healthy and organized tissue (1), peri-infarcted region with a 
decreased number of neurons and tissue disorganization (2), and a necrotic zone with few 
scattered NeuN-positive cells and more tissue disorganization (3). The effects of three Gbc 
doses (0.06g, 0.6g and 6g) were compared to vehicle administration by a histological 
approach. Quantification of the lesioned, necrotic and peri-infarcted volumes and neuronal 
counts was made at the ischemic core by stereology. Photomicrographs of the Ventral 
Pallidum nuclei (C), which corresponds with the boundary between the necrotic core and 
peri-infarct area for a vehicle-treated (D1) or for a Gbc 0.6g treated animals (D2). Note that 
in Gbc 0.6g treated animals (D2) the necrotic area is smaller and more NeuN-positive cells 
are observed in the boundary. (E) Photomicrograph of degenerating neurons stained with 
FluoroJade B (FJB) in the peri-infarcted cortex of tMCAo animals. Bar graphs of the (F) total 
lesioned, (G) total necrotic and (H) subcortical peri-infarcted volumes are shown together 
with stereological counting of NeuN-positive cells into the (I) subcortical lesion, (J) total 
necrotic and (K) subcortical peri-infarcted zones. Note that Gbc increase peri-infarcted 
volume and neuronal preservation into the subcortical region. This resulted in a 30-40% 
preservation of neurons in the total lesioned hemisphere, since no Gbc cortical effects were 
observed (data not shown). Values are presented as mean (±SEM) for all the groups (n= 15 
rats/group). Statistics: 
##
P<0.01 different from vehicle; 
++
P<0.01 different from Gbc 0.06 µg; 
**p<0.01 different from vehicle and 0.06 µg; 

P<0.01 different from all. Scale Bar, 50 m. 
 
Figure 5. Ischemic brain showed calcification. (A) Calcium deposition in the subcortical zone 
stained with 2% Alizarin red S counterstained with 0.5% Fast Green FCF. The effects in 
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calcification of three Gbc doses (0.06g, 0.6g and 6g) compared with vehicle were studied 
in cortical and subcortical brain regions. (A1) Images from a vehicle- and Gbc-treated 
animals. (A2) High magnification photomicrograph of a single calcium deposit. Histograms 
show (B) the diameter size average of deposits and (C) the total number of calcium deposits 
per section (n= 15 rats/group). All values are presented as mean ±SEM. * P<0.05 and *** 
P<0.001 different from vehicle; 
#
P<0.05 and 
###
P<0.001 different from Gbc 0,06µg; Scale 
Bar: (A1) 150 m; (A2) 10 m. 
 
Figure 6. Analysis of astroglial reactivity to tMCAo. (A, B) We visualized astrocyte 
distribution by GFAP imunohistochemistry in the entire tMCAo hemisphere and an area 
lacking specific GFAP immunostaining was found close to the astroglial scar (Asterisk), 
coincident with the necrotic core. These areas were measured individually in the cortical and 
subcortical regions and pooled as total area, which valued was not modified by Gbc treatment 
(data not shown). Non-reactive astrocytes were found in distal regions from the lesion. (C) 
Bar graph shows the astrocyte cell density quantified individually in each brain region of 
control (n= 4), vehicle (n= 15) and Gbc-treated brains (0.06g, 0.6g and 6g; n= 15 
rats/group). (D) Illustrative S100 immunostaining images of the corpus callossum from the 
injured hemispheres (&; labels for Striatum). (E) Photomicrographs from: control brain 
showed organized tissue and small S100β cells with processes following the axons; tMCAo 
lesion caused tissue disorganization and increase S100 immunoreactivity and in the Gbc-
treated tMCAo groups S100 positive cells presented major body volumes and higher number 
of processes. Values are presented as mean ±SEM. Scale Bar, 300m in (A), 150m in (D) 
and 20 m in (B, E). 
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Figure 7. tMCAo caused microglia reaction of variable morphology depending on its 
proximity to the infarct core. (A) Histogram shows microglial density determined individually 
in each brain region of control, vehicle and Gbc-treated brains (0.06g, 0.6g and 6g). 
Ischemia triggers an increase of microglial density compared with control brain. (B) Confocal 
microscopy photomicrograph of CD3-immunostained T-lymphocyte (CD3) infiltration in the 
infarct core, where IB4 positive microglia/macrophages (IB4) were reactive. Note that 
merged image show both type of cells with tight contacts, suggesting a neuro-immune 
crosstalk as a response to the lesion. Low magnification photomicrographs from (C) cortex 
and (D) caudate putamen, which shows continuity of the microgliosis reaction to the lesion. 
(E-H) Higher magnification photomicrographs showed variable microglial phenotype. (E) 
Resting microglial morphology was viewed in healthy tissue. (F) Reactive microglial cells 
were present in peri-infarcted areas and were more ramified than quiescent ones, with 
numerous processes. (G) Mixed morphology, some reactive and some amoeboid cells were 
detected in the border between peri-infarcted and necrotic areas. (H) Fully amoeboid shaped 
morphology cells were viewed in the necrotic core. Values are presented as mean ±SEM (n= 
15 rats/group). Statistics: **P<0.01 and ***P<0.001 different from control. Scale Bar, 300 
m in (D) and 20 m in (B, H).  
 
Figure 8. Expression of KATP channel components SUR1, SUR2B and Kir6.2 in activated 
CD11b-positive cells into the core of the lesion (Bregma -0,8). (A-D) Confocal 
photomicrographs of SUR1 in resting microglia from control animals denote no 
colocalization. Reactive CD11b-positive cells expressed (E-H) SUR1, (I-L) SUR2B and (M-
P) Kir6.2 channel subunits in the lesion core. (D, H, L, P) show scatter plots from its 
correspondent merged images from each row of the KATP channel components in reactive 
CD11b-positive cells. From left to right in the X-axis corresponds with the increase of the 
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green channel intensity, whereas, from down to up in the Y-axis corresponds with the increase 
of the red channel. Yellow dots denote colocalization for both channels, in which CD11b-
postive cells expressed SUR1 (D, H), SUR2B (L) and Kir6.2 (P). Scale Bar, 20 m. 
 
Supplementary Figure 1. Quantification of the lesion areas in the tMCAO hemisphere. 
Hematoxolin-Eosin stainings images of the ypsilateral hemisphere from (A) control, (B) 
vehicle and (C) glibenclamide 0,6 µg treated brain. Photomicrograph from the vehicle-treated 
animal, which show the boundary of the lesions in the cortex (B1) or the striatum (B2). 
Graphical respresentation of the cortical (D), subcortical (E) and the total lesioned area (F) 
along the bregma axis. Note that although not statistical differences were found, treated 
groups had lower values for lesioned areas in all bregma levels studied. Scale bar 200 m. 
 
Table 1. Primer sequences used for RT-PCR. 
 
Species Size (bp) Primer Sequence 
Kir6.1 297 F 5’-ACCAGAATTCTCTGCGGAAG-3’ 
  R 5’-GCCCTGAACTGGTGATGAGT-3’ 
Kir6.2 312 F 5’-TTGGAAGGCGTGGTAGAAAC-3’ 
  R 5’-GGACAAGGAATCTGGAGAGAT-3’ 
SUR1 217 F 5’-GCCTTCGTGAGAAAGACCAG-3’ 
  R 5’-GAAGCTTCTCCGGTTTGTCA-3’ 
SUR2A/B SUR2A: 397 F 5’-ATCATGGATGAAGCCACTGC-3’ 
 SUR2B: 221 R 5’-AACGAGGCAAACACTCCATC-3’ 
18S 488 F 5’-TCAAGAACGAAAGTCGGAGG-3’ 
  R 5’-GGACATCTAAGGGCATCACA-3’ 
 
F and R are referred to forward and reverse primers respectively. 
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